
t kinases in the rat heat shock model: Possible
implications for Alzheimer disease
Alikunju Shanavas and Sozos Ch. Papasozomenos*

Department of Pathology and Laboratory Medicine, University of Texas-Houston Medical School, Houston, TX 77030

Communicated by Kyriacos C. Nicolaou, The Scripps Research Institute, La Jolla, CA, October 3, 2000 (received for review June 27, 2000)

We have previously shown, by using the phosphate-dependent
anti-t antibodies Tau-1 and PHF-1, that heat shock induces rapid
dephosphorylation of t followed by hyperphosphorylation in fe-
male rats. In this study, we analyzed in forebrain homogenates
from female Sprague–Dawley rats the activities of extracellular
signal regulated kinase 1y2 (ERK1y2), c-Jun NH2-terminal kinase
(JNK), glycogen synthase kinase-3b (GSK-3b), cyclin-dependent
kinase 5 (Cdk5), cAMP-dependent protein kinase A (PKA), and
Ca21ycalmodulin-dependent protein kinase II (CaMKII) at 0 (n 5 5),
3 (n 5 4), 6 (n 5 5), and 12 (n 5 5) h after heat shock and in
non-heat-shocked controls (n 5 5). Immunoprecipitation kinase
assays at 0 h showed suppression of the activities of all kinases
except of GSK-3b, which showed increased activity. At 3–6 h, the
activities of ERK1y2, JNK, Cdk5, and GSK-3b toward selective
substrates were increased; however, only JNK, Cdk5, and GSK-3b
but not ERK1y2 were overactivated toward purified bovine t. At
3–6 h, kinase assays specific for PKA and CaMKII showed no
increased activity toward either t or selective substrates. All of
eight anti-t antibodies tested showed dephosphorylation at 0 h
and hyperphosphorylation at 3–6 h, except for 12E8, which
showed hyperphosphorylation also at 0 h. Immunoblot analysis
using activity-dependent antibodies against ERK1y2, JNK, and
GSK-3b confirmed the above data. Increased activation and inhi-
bition of kinases after heat shock were statistically significant in
comparison with controls. Because t is hyperphosphorylated in
Alzheimer disease these findings suggest that JNK, GSK-3b, and
Cdk5 may play a role in its pathogenesis.

The cause of Alzheimer disease (AD) is not known, but it
appears to be a syndrome resulting from an interplay of a

genetic predisposition, environmental stress factors, and the
aging process. Specific genetic defects have been identified on
the genes of presenilins 1 and 2 and amyloid precursor protein,
but familial AD accounts for less than 5% of all cases (1).
Recently, mutations of the t gene have been described in a group
of neurodegenerative dementias (2), but no mutations of the t
gene have been found in AD. The histologic hallmarks of AD are
the senile plaques made of extracellular Ab amyloid and dys-
trophic neurites and the intraneuronal neurofibrillary tangles
(NFT) composed of bundles of abnormal filaments, the so-called
paired helical filaments (PHF) and the related straight filaments,
the major component of which is hyperphosphorylated t (3–5).
However, the earliest manifestation of hyperphosphorylated t is
a granular form in the somatodendritic compartment (4, 5).
Normal fetal and adult brain t are groups of multiply phosphor-
ylated and thermostable proteins generated by alternative splic-
ing of exons 2 and 3 in the amino-terminal region and exon 10
in the microtubule-binding region of the single t gene located on
chromosome 17q21 (2, 6). Thus, six human (7, 8), four bovine (8,
9), and three rat (8, 10) t isoforms are generated. Bovine t
isoforms contain either 3 or 4 repeats and 1 or 2 amino-terminal
inserts. All three adult rat t isoforms contain 4 repeats and 0, 1,
or 2 amino-terminal inserts. In attempts to create animal models
of AD, transgenic mouse models overexpressing 3- or 4-repeat
t isoforms have been developed (11, 12), but the results were
rather disappointing because axonal swellings were the main
abnormality. These swellings are reminiscent of the b,b9-

iminodipropionitrile intoxication, where distal dissociation of
microtubules from neurofilaments precedes the formation of
proximal axonal swellings (13), suggesting that overexpressed t
interferes with the microtubule–neurofilament interactions. Al-
though original studies localized t only in axons (14), t was
subsequently also found in the somatodendritic compartment
and in glial cells (15). Thus, mere localization of t in the
somatodendritic compartment should not be considered patho-
logical. However, in a transgenic mouse model of frontotempo-
ral dementia and parkinsonism linked to chromosome 17 ex-
pressing P301L mutant t, NFT were found mostly in
infratentorial brain and spinal cord but not in cerebral cortex and
hippocampus (16).

Although many kinases and phosphatases have been shown to
act on t in vitro (17), the dysregulated processes of dephospho-
rylation–hyperphosphorylation that lead to PHF-t are not
known. However, after studying the morphology, evolution, and
distribution of t immunoreactivity in AD we suggested that it
could represent a defensive response to various stressful stimuli,
either endogenous or exogenous (4, 5). To test this hypothesis,
we have shown by using the anti-t antibodies Tau-1 and PHF-1
that heat shock induces rapid dephosphorylation followed by
hyperphosphorylation of t in female rats that is similar to PHF-t
in AD (18, 19), and androgens, but not estrogens, prevent the
heat shock-induced hyperphosphorylation of t (20, 21). The
relevance of this model to AD is further enhanced by the many
studies that show a stress response in AD brain (22, 23). In this
study, to characterize further this rat heat shock model, we
investigated in immunocomplex kinase assays the activities of
extracellular signal-regulated kinases 1 and 2 (ERK1y2), c-Jun
NH2-terminal kinase (JNK), glycogen synthase kinase-3b (GSK-
3b), cyclin-dependent kinase 5 (Cdk5), cAMP-dependent pro-
tein kinase (PKA), and Ca21ycalmodulin-dependent protein
kinase II (CaMKII) in control and heat-shocked female rats.

Materials and Methods
Purification of Bovine t. Bovine forebrains were homogenized 1:1
(wtyvol) in 100 mM Hepes, pH 6.9, containing 1 mM EGTA, 0.5
mM EDTA, 0.5 mM MgSO4, 80 mM NaCl, 10 mM Na4P2O7, 20
mM NaF, 0.2 mM Na3VO4, 0.1 mM PMSF, and 10 mM
benzamidine. DTT and NaCl were added to a concentration of
2 mM and 0.75 M, respectively, and the mixture was centrifuged
at 100,000 3 g for 60 min at 4°C. The supernatant was sequen-
tially boiled, taken to 2.5% HClO4, subjected to precipitation
with 60% saturated (NH4)2SO4, and centrifuged at 35,000 3 g for
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30 min at 4°C between each step. The pellet was homogenized
in 5 ml of H2O and dialyzed into Mono-S column starting buffer
(50 mM Hepes, pH 6.9y1 mM EDTAy1 mM DTT). FPLC was
performed with a linear gradient of 50 ml from 0 to 0.5 M NaCl.
t-containing fractions were dialyzed and stored at 280°C.

Heat Shock. Two- to three-month-old female Sprague–Dawley
rats were heat-shocked as described (19).

Protein Extraction for Kinase Assays and Immunoblot Analysis. In
brief, 0, 3, 6, and 12 h after heat shock, rats were killed by
intracardiac perfusion of 100 mM TriszHCl, pH 7.6y6 mM
EGTA at 4°C. The forebrain was homogenized in extraction
buffer [50 mM TriszHCl, pH 7.4y150 mM NaCly1 mM EGTA,
containing protease inhibitors (1 mM PMSF and 13 Complete
protease inhibitor mixture from Boehringer Mannheim) and
phosphatase inhibitors (1 mM Na3VO4y1 mM NaFy2.5 mM
microcystin LRy2 mM okadaic acid)] and centrifuged twice at
100,000 3 g for 1 h at 4°C. The supernatant was stored at 280°C.
Protein content was estimated by the Bradford method.

Immunocomplex Protein Kinase Assays (ERK1y2, JNK, Cdk5, and GSK-
3b). Briefly, 200 mg of protein extract was precleared with 20 ml
of protein G-agarose beads for 1 h at 4°C. Antibodies specific for
ERK1y2 (Upstate Biotechnology, cat. no. 06–182), JNK1
(PharMingen, clone G151–133), and Cdk5 (Santa Cruz Biotech-
nology, C-8) were added and incubated for 2 h at 4°C, followed
by an additional incubation with protein G-agarose beads. The
immunocomplexes were washed three times with the extraction
buffer containing 1% Triton X-100 and twice in kinase buffer
(20 mM Hepes, pH 7.4y20 mM MgCl2y20 mM b-glycerophos-
phatey0.1 mM Na3VO4y2 mM DTT). The washed immunocom-
plexes were incubated with 20 ml of kinase buffer containing
myelin basic protein (MBP; 5 mg), or c-Jun-GST (1 mg; GST is
glutathione S-transferase) or histone H1 (5 mg), respectively, and
[g-32P]ATP [20 mCi (1 mCi 5 37 kBq) per tube, 50 mM final
concentration] for 20 min at 30°C. The phosphorylation reac-
tions were terminated by boiling in 20 ml of 23 Laemmli sample
buffer (24). Eight microliters (1 mg each of MBP and histone H1
or 0.2 mg of c-Jun-GST) was resolved on SDSy10% PAGE,
followed by autoradiography. Phosphorylated bands were ex-
cised and quantified by liquid scintillation counting. For GSK-3b
assay, 100 mg of protein extract was precleared with 20 ml of
protein A-agarose beads for 1 h at 4°C. One microgram of
antibody against GSK-3b (Transduction Laboratories, Lexing-
ton, KY) was added and incubated for 1 h at 4°C, followed by an
additional incubation with protein A-agarose beads. The immu-
nocomplexes were washed three times with the extraction buffer
containing 1% Triton X-100 and twice in GSK-3b kinase buffer
(250 mM sodium glycerophosphate, pH 7.4y1 M NaCly100 mM
MgCl2y5 mM EGTAy5 mM benzamidiney0.5 mM Na3VO4y5
mM DTT), and incubated with 20 ml of kinase buffer containing
62.5 mM phosphoglycogen synthase peptide 2 (PGSP-2) and
[g-32P]ATP (20 mCi per tube, 50 mM final concentration). After
10 min of incubation at 30°C, the reaction mixture was spotted
onto a P-81 filter and the radioactivity determined as described
(25). For determination of ERK1y2, JNK, Cdk5, and GSK-3b
activity toward t, the selective substrates were replaced with 5 mg
of bovine t. Control reactions were performed in the absence of
antibodies.

PKA Assay. The reaction mixture contained 10 mg of extract
protein, 50 mM Hepes at pH 7.4, 1 mM DTT, 10 mM MgCl2, 10
mM cAMP, 50 mM Kemptide, and [g-32P]ATP (1 mCi per tube,
50 mM final concentration) in a final volume of 40 ml. A control
reaction was performed in the presence of 10 mM PKI, an
inhibitory peptide specific for PKA. After incubation at 30°C for
5 min, the reaction was terminated by spotting a 20-ml aliquot on

P-81 filter paper. The radioactivity was determined as described
(25). To measure the PKA activity toward t, Kemptide was
replaced with 2 mg of bovine t as substrate. Two control reactions
were also performed by either omitting t or adding 10 mM PKI.
After incubation at 30°C for 2 min, the reaction was terminated
by spotting 20 ml on GFyC filters and the 32P incorporation was
measured by scintillation counting. The radioactivity associated
with the two control reactions was subtracted to obtain the 32P
incorporation into bovine t.

CaMKII Assay. The reaction mixture contained 10 mg of extract
protein, 50 mM Hepes (pH 7.4), 1 mM DTT, 10 mM MgCl2, 1
mM CaCl2, 2 mM calmodulin, 50 mM autocamtide-2 and
[g-32P]ATP (1 mCi per tube, 50 mM final concentration) in a final
volume of 40 ml. A control reaction was performed in the
presence of 10 mM autocamtide-2-related inhibitory peptide to
specifically inhibit CaMKII activity. After incubation at 30°C for
2 min, the reaction was terminated and the radioactivity was
determined as for the PKA assay. To measure the CaMKII
activity toward t, the autocamtide-2 was replaced with 2 mg of
bovine t. Two control reactions were also performed by either
omitting t or adding 10 mM autocamtide-2-related inhibitory
peptide. After incubation at 30°C for 2 min, the reaction was
terminated and the radioactivity on the filters was counted as for
the PKA assay. The radioactivity associated with the two control
reactions was subtracted to obtain the 32P incorporation into
bovine t.

Statistical Analysis. Statistical analysis was performed by one-way
analysis of variance (ANOVA). Significant ANOVA (P , 0.05)
was followed by the Tukey test of pairwise multiple comparisons.

Immunoblot Analysis of Activated ERK1y2 and JNK and Inactivated
GSK-3b. Phosphospecific antibodies against activated ERK1y2
and JNK and inactivated GSK-3b were used in immunoblots of
SDSy10% PAGE. Incubations in primary antibody were done
overnight at 4°C and in goat anti-rabbit IgG coupled to horse-
radish peroxidase for 1 h at room temperature. Enhanced
chemiluminescence was used as the detection system.

Immunoblot Analysis of t and Heat Shock Proteins in SDS Cerebral
Extracts. SDS cerebral extracts were prepared as described (18, 19).
Fifty micrograms of protein of SDS extracts from control and
heat-shocked rats was electrophoresed in 5–12.5% linear gradient
polyacrylamide gels, transferred to nitrocellulose membrane, and
immunostained as above. The following eight anti-t antibodies were
used: Tau-1, PHF-1, 12E8, and AT270 which require nonphospho-
rylated Ser195/198/199/202 (26), phosphorylated Ser396 and Ser404 (27),
phosphorylated Ser262 andyor to a lesser extent Ser356 (28), and
phosphorylated Thr181 (29), respectively; Tau-2, which is PHF-
conformation dependent (30); SMI34, which is PHF-conformation
dependent in cooperation with unidentified phosphorylation sites
(31); and the phosphate-independent Tau-5 (32) and Tau-46, which
recognize the sequences Ser210-Arg230 and Leu428-Leu441, respec-
tively (33). Antibodies against the heat shock proteins Hsc70 (clone
1B5) and Hsp72 (clone C92F3A5) were purchased from StressGen
Biotechnologies (Victoria, BC, Canada). Anti-mouse IgG coupled
to horseradish peroxidase was used as secondary antibody. All
primary and secondary incubations were for 1 h except for Tau-2,
which required overnight incubation.

Results
Purification of t. t was isolated to near homogeneity so that even
after overloading (5 mg of t) and silver staining of SDSyPAGE
gels no other proteins were detectable except of the five major
peptides of native bovine brain t (labeled t12t5; Fig. 1, lane E).
Because four t isoforms are alternatively spliced from a single
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bovine t gene (8, 9), the presence of a fifth peptide indicated, as
expected, some in vivo phosphorylation.

Immunoblot Analysis of t and Heat Shock Proteins. In immunoblots
of SDS cerebral extracts from control and heat-shocked rats
(Fig. 2), there was dephosphorylation and hyperphosphorylation
of t at 0 and 3–6 h after heat shock, respectively. The only
exception was observed with 12E8 which, in addition to 3 and 6 h,
showed t hyperphosphorylation also at 0 h after heat shock (Fig.
2D). Dephosphorylation of t at 0 h was evidenced by accentu-
ation and attenuation of t isoforms recognized by Tau-1 and
PHF-1, AT270, SMI34, and Tau-2, respectively. Hyperphospho-
rylation of t peaked at 6 h and was exemplified by upward gel
mobility shift with resultant changes in banding patterns; it was
recognized by Tau-1 after alkaline phosphatase treatment (Fig.
2B), PHF-1, AT270, 12E8, Tau-5, and Tau-46. Hyperphospho-
rylation at 3 and 6 h involved already-existing t as was evidenced
by a decrease in staining intensity of all three t isoforms revealed
by Tau-1 (Fig. 2 A) and the 52-kDa isoform revealed by Tau-5
(Fig. 2E) and Tau-46 (Fig. 2F), indicating a precursor–product
relationship. The PHF conformation of t was evident at 3 and
6 h with Tau-2 (Fig. 2I) and SMI34 (Fig. 2H). Similar results
were obtained when the kinase assay extraction buffer was used
instead of SDS.

While there was no difference in the amount of constitutive
Hsc70 between control and heat-shocked rats (Fig. 2K), the
inducible Hsp72 was absent from controls but in heat-shocked
rats became detectable at 3 h and increased progressively
between 6 and 12 h after heat shock (Fig. 2 J).

Initial Rate Kinase Assays. For all kinase assays the concentration
of t and selective substrates were above saturation level, as
determined in preliminary experiments, so that the initial reac-
tion rate was proportional to enzyme activity alone, linear within
the time of assay, and, thus, physiologically relevant. The results
for all six kinase assays toward t (Fig. 3) and their selective
substrates (Fig. 4) are summarized in Table 1 and individually
analyzed below.

In control non-heat-shocked rats, the activities of the six
kinases toward t in decreasing order of potency after normal-
izing to 1.00 for PKA were as follows: ERK1y2 (5.68) . Cdk5
(5.48) . CaMKII (4.12) . JNK (1.88) . GSK-3b (1.40) . PKA
(1.00) (Table 1). The overall activities of the six kinases toward
t were significantly different (F 5 47.267, df 5 5, 22; P , 0.001).
In multiple comparisons, the kinase activities were significantly
higher (P , 0.05) in the following: ERK1y2 vs. all except Cdk5;
Cdk5 vs. JNK, GSK-3b, and PKA; and CaMKII vs. JNK,
GSK-3b, and PKA. There were no significant differences in
potency toward t among JNK, GSK-3b, and PKA in control rats.

A phosphospecific antibody against activated ERK1y2, a
proline-directed kinase, showed increased activation beginning

Fig. 1. SDSyPAGE gels stained with silver show the purification steps of
bovine t. Lanes: M, molecular mass standards; A, crude extract; B, after HClO4

precipitation; C, after (NH4)2SO4 precipitation; D, after dialysis in FPLC column
starting buffer; and E, purified t (5 mg).

Fig. 2. Immunoblots of SDS cerebral extracts in control (Co) and heat-
shocked rats probed with antibodies against t (A–I) or heat shock proteins
(J and K) 0 – 6 h after heat shock. Note: (i) the accentuation in A and
attenuation in C and G–I of t polypeptides at 0 h; (ii) the accentuation but
no gel mobility shift of t isoforms at 0 h in D; (iii) the upward gel mobility
shift and accentuation of t polypeptides at 3 and 6 h in B–I; (iv) the
attenuation of all three t isoforms in A and the attenuation of the 52-kDa
t isoform in B, E, and F at 3 and 6 h indicating a precursor–product
relationship caused by hyperphosphorylation; and (v) the appearance at 3 h
and progressive accentuation between 6 and 12 h of the heat shock-
induced Hsp72 in J while the amount of the constitutively expressed Hsc70
remained unchanged K. The arrow in H points to the low molecular weight
subunit of neurofilaments. Dephos, dephosphorylation of transferred pro-
teins with alkaline phosphatase before immunostaining.

Fig. 3. Relative initial rate kinase activities toward t of each of the six
kinases—i.e., ERK1y2, JNK, GSK-3b, Cdk5, PKA, and CaMKII in control (non-
heat-shocked) and heat-shocked rats are compared after normalization to
their respective control (100). Note: (i) the decreased activity of all kinases at
0 h after heat shock except GSK-3b, which was increased; and (ii) the increased
activity of JNK, GSK-3b, and Cdk5 but not ERK1y2 at 3 and 6 h after heat shock.

Fig. 4. Relative initial rate kinase activities toward their selective sub-
strates of each of the six kinases—i.e., ERK1y2, JNK, GSK-3b, Cdk5, PKA, and
CaMKII in control (non-heat-shocked) and at 0 –12 h after heat shock are
compared after normalization to their respective control (100). Note: (i) the
decreased activity of all kinases at 0 h after heat shock except GSK-3b,
which was increased, and Cdk5, which was unchanged; and (ii) the in-
creased activity of JNK, GSK-3b, Cdk5, and ERK1y2 at 3 and 6 h after heat
shock.

Shanavas and Papasozomenos PNAS u December 19, 2000 u vol. 97 u no. 26 u 14141

BI
O

CH
EM

IS
TR

Y



at 3 h and peaking at 6 h, and gradual return to control level of
activity by 12–24 h after heat shock (Fig. 5A). At the same time,
the total amounts of ERK1y2, as revealed by an activation-
independent antibody, remained unchanged (Fig. 5B). Kinase
assays, however, showed an almost 2-fold increase in activity
toward MBP but not toward t at 6 h, after mild suppression
toward both at 0 h (Table 1; Figs. 3, 4, and 5 C–F). The difference
was not significant for t (F 5 1.723, df 5 4, 17; P 5 0.205) but
significant for MBP (F 5 27.99, df 5 4, 17; P , 0.001).

When a phosphospecific antibody against activated JNK,
another proline-directed kinase, was used, both JNK1 (46 kDa)
and JNK2 (54 kDa) showed increased activation at 1–6 h after
heat shock. The peak activity occurred earlier than ERK1y2 at
1–3 h and gradually returned to control levels by 12–24 h (Fig.
6A). Again, the total amounts of JNK1y2 were not different from
the control (Fig. 6B). However, in contrast to ERK1y2, in kinase
assays activated JNK hyperphosphorylated both t and its sub-
strate c-Jun-GST to 61% and 90% above control levels, respec-
tively, at 3 h after an initial suppression at 0 h (Table 1; Figs. 3,
4, and 6 C–F). The t1 and t2 polypeptides were the most heavily
phosphorylated (Fig. 6E). The difference was significant for both
t (F 5 21.63, df 5 4, 17; P , 0.001) and c-Jun-GST (F 5 27.267,
df 5 4, 17; P , 0.001).

A phosphospecific antibody against inactivated GSK-3b

showed increased activity at 0–6 h after heat shock (Fig. 7A)
while the total amounts remained unchanged (Fig. 7B). In kinase
assays also, GSK-3b was the only kinase that showed increased
activation at 0 h (89% and 63% increase toward t and PGSP-2,
a specific substrate, respectively) in addition to 3 and 6 h (Table
1; Figs. 3, 4, and 7). The t12t3 polypeptides were the most
heavily phosphorylated. The more than 2-fold increase in phos-
phorylation of both t and PGSP-2 peaked at 6 h (120% and 118%
increase above control levels, respectively; Table 1). The differ-
ence was significant for both t (F 5 13.564, df 5 4, 14; P , 0.001)
and PGSP-2 (F 5 13.733, df 5 4, 14; P , 0.001).

In kinase assays, Cdk5, together with ERK1y2, showed the
highest activity toward t (Table 1). However, in contrast to
ERK1y2, Cdk5 hyperphosphorylated t at 3 and 6 h after heat
shock to 53% and 116% above control levels, respectively (Table
1; Fig. 3, and Fig. 8D). The t2 and t3 polypeptides were the most
heavily phosphorylated. Histone H1, a substrate for Cdk5, was
also hyperphosphorylated to 56% and 88% above control levels
at 3 and 6 h, respectively (Table 1; Figs. 4 and 8A). At 0 h,
however, Cdk5 activity toward t was decreased 30% below
control levels, but remained normal toward histone H1 (Table 1;
Figs. 8 A and D). The difference was significant for both t (F 5
18.904, df 5 4, 17; P , 0.001) and histone H1 (F 5 15.349, df 5
4, 17; P , 0.001).

At 0–6 h after heat shock, PKA activity toward both t and
Kemptide was lower in heat-shocked than control rats (Table 1;

Fig. 6. JNK shows increased activation after heat shock and hyperphospho-
rylates both c-Jun-GST and t. (A and B) Immunoblots of cerebral extracts from
control (Co) and heat-shocked rats probed with antibodies against activated
and total JNK1y2, respectively. The phosphospecific antibody shows increased
activation of JNK1y2 at 1–6 h after heat shock (A), but the total amount of
JNK1y2 did not change (B). Both antibodies bind nonspecifically to other
proteins. Autoradiograph (C and E) of Coomassie blue-stained (D and F)
SDSyPAGE gels of aliquots of kinase assay mixtures toward c-Jun-GST (C and D)
and t (E and F) show dephosphorylation and hyperphosphorylation of both at
0 h and 3–6 h after heat shock, respectively.

Table 1. Initial rate kinase activities towards t and selective substrates in rat cerebral extracts 0–12 h after heat shock

Kinase Substrate

32P cpm/1 mg of t or various amounts of selective substrates*

Control
(n 5 4†)

0 h
(n 5 4†)

3 h
(n 5 3)

6 h
(n 5 4†)

12 h
(n 5 3)

ERK1y2 t 2,136 6 304 1,758 6 209 2,135 6 366 2,238 6 416 1,966 6 376
MBP 16,477 6 1,218 12,981 6 2,040 21,341 6 1,432‡ 31,899 6 4,881‡ 17,200 6 1,620

JNK t 707 6 85 438 6 51‡ 1,138 6 136‡ 997 6 163‡ 858 6 90
c-Jun-GST 3,740 6 670 2,205 6 470 7,100 6 415‡ 6,495 6 1,065‡ 3,995 6 835

GSK-3b t 527 6 95 998 6 143‡ 945 6 137‡ 1,158 6 141‡ 624 6 98
PGSP-2 18,741 6 2,888 30,568 6 2,564‡ 32,307 6 3,636‡ 40,913 6 6,330‡ 22,031 6 4,025

Cdk5 t 2,059 6 227 1,444 6 172 3,137 6 612 4,442 6 886‡ 2,220 6 400
Histone H1 7,034 6 963 7,223 6 1,104 10,990 6 2,207‡ 13,232 6 1,236‡ 7,485 6 1,447

PKA t 376 6 108 198 6 68‡ 230 6 21 239 6 67 345 6 80
Kemptide 11,115 6 1,486 9,982 6 2,749 9,510 6 2,358 8,309 6 1,687 9,488 6 3,247

CaMKII t 1,548 6 387 1 6 8‡ 1491 6 287 1,487 6 324 1,183 6 166
Autocamtide-2 60,576 6 4,625 10,366 6 2,049‡ 59,179 6 7,487 67,260 6 8,901 57,157 6 7,739

*MBP, 1 mg; c-Jun-GST, 1 mg; PGSP-2, 3.79 mg; histone H1, 1 mg; Kemptide, 0.7 mg; and autocamtide-2, 1.53 mg. n, number of rats.
†For GSK-3b n 5 3.
‡P , 0.05 in comparison with respective controls (Tukey test).

Fig. 5. ERK1y2 shows increased activation after heat shock and hyperphos-
phorylates MBP but not t. (A and B) Immunoblots of cerebral extracts from
control (Co) and heat-shocked rats probed with the antibodies against acti-
vated and total ERK1y2, respectively. The phosphospecific antibody shows
increased activation of ERK1y2 at 3 and 6 h after heat shock (A) but the total
amount of ERK1y2 is unchanged (B). In A, note the equal loading of extract
protein in each lane indicated by the nonspecific staining of a higher molec-
ular weight protein. Audoradiographs (C and E) of Coomassie blue-stained (D
and F) SDSyPAGE gels of kinase assay mixtures toward MBP (C and D) and t (E
and F) show hyperphosphorylation of MBP but not t at 3 and 6 h after heat
shock.
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Figs. 3 and 4). Specifically, PKA activity toward t was 47%, 39%,
and 37% below control levels at 0, 3, and 6 h, respectively. The
difference was significant for t (F 5 3.87, df 5 4, 17; P 5 0.028)
but not for Kemptide (F 5 0.756, df 5 4, 17; P 5 0.572).

The activity of CaMKII was abolished toward t and decreased
dramatically (83%) toward autocamtide-2 at 0 h after heat shock.
It returned to approximate control levels toward both t and
autocamtide-2 at 3–6 h (Table 1; Figs. 3 and 4). The difference
was significant for both t (F 5 22.132, df 5 4, 17; P , 0.001) and
autocamtide-2 (F 5 34.442, df 5 4, 17; P , 0.001).

The activities of all kinases toward both t and their selective
substrates returned to approximately control levels at 12 h after
heat shock.

Correlation Between Immunoblot Analysis of t and Kinase Activities.
The above kinase assays showed that JNK, GSK-3b, and Cdk5
hyperphosphorylated t after heat shock. Examination of the
epitopes recognized by Tau-1, PHF-1, 12E8, and AT270 (Fig. 2)
shows that one or more of these three kinases could be respon-
sible—i.e., all three kinases for the Tau-1 and PHF-1 sites,
GSK-3b for the 12E8 site, and JNK and Cdk5 for the AT270
site (17).

Discussion
ERK1y2 is a proline-directed kinase that in vitro phosphorylates
t to the highest stoichiometry (34). In control rats, ERK1y2
activity toward t was also the highest among the six kinases.
However, although it showed increased activation at 3–6 h after
heat shock, as was demonstrated by using phosphospecific
antibodies and assay toward MBP, it did not hyperphosphorylate
t. This was a surprising finding, but similar dissociation between
activation of ERK1y2 and phosphorylation of t has been de-
scribed previously (35). It appears, then, that ERK1y2 does not
hyperphosphorylate t after heat shock. It may, however, function
as a priming kinase after the initial dephosphorylation of t.

JNK is another proline-directed kinase that, after certain
stresses such as UV irradiation, osmotic stress, and inflamma-
tory cytokines, is activated by dual phosphorylation on Thr and
Tyr in the Thr-Pro-Tyr motif (36). However, protein-damaging
conditions such as heat shock and oxidative stress activate JNK
by a not-yet-known mechanism. JNK has a low constitutive
activity and stress does not affect its transcript or protein levels.
The low basal activity of JNK appears to be caused by its
association with GST Pi (GSTp; ref. 37), and its dephosphory-
lation and deactivation are perhaps mediated by protein phos-
phatase 2Ca (38). Upon heat shock, dephosphorylation and
inactivation of JNK is specifically suppressed (39), and GSTp
undergoes oxidative oligomerization and dissociation from JNK
(37). This sequence of events could explain the early activation
and peak by 3 h after heat shock. However, its gradual deacti-
vation might be brought about by the inducible Hsp72, which
inhibits the suppression of a putative JNK phosphatase (39), and
in our model becomes detectable by 3 h after heat shock (Fig.
2J). Thus, as it happens in vitro and in cell cultures (40, 41), JNK
plays a role in the vivo hyperphosphorylation of t.

GSK-3b also phosphorylates proline sites in t and other proteins
(42), but, after a priming phosphorylation, may sequentially phos-
phorylate SeryThr. There are five such motifs in the microtubule-
binding repeats of t (S258KIGS262, S285NVQS289KCGS293,
S320KCGS324, and S352KIGS356) that could be phosphorylated. In
our studies, GSK-3b showed increased activity at 0–6 h after heat
shock and hyperphosphorylated t and its substrate. It is also
noteworthy that GSK-3b was the only kinase that showed increased
activity at 0 h. GSK-3b is constitutively active and inhibited by
phosphorylation on Ser9. Protein phosphatase 2A, however, which
dephosphorylates GSK-3b (43), is activated during heat shock (see
below), and may reverse this regulatory inhibition and overactivate
GSK-3b. Because GSK-3b plays a major role in neuronal apoptosis
(44) and is also preferentially associated with NFT (45), it may be
involved in the hyperphosphorylation of t in AD.

The possibility that Cdk5, a proline-directed SeryThr kinase
specific for neurons, plays a central role in the neurodegenera-
tion of AD has recently been augmented by cell culture studies
which showed that Cdk5 phosphorylates t, causes cytoskeletal
disorganization, and promotes neuronal death (46, 47). Cdk5
associates with microtubules (48) and NFT (45) and phosphor-
ylates t in vitro (49). In this study, as is the case with ERK1y2,
it phosphorylated t to the highest stoichiometry in control rats,
but, in contrast to ERK1y2, at 3–6 h after heat shock it
hyperphosphorylated not only its substrate but also t. Our
findings together with the previous studies suggest that Cdk5
may play a pivotal role in the etiopathogenesis of AD.

PKA has been suggested as one of the second messenger-
dependent protein kinases that play a direct role in the early
stages of neurofibrillary degeneration of AD (50). Also, in
sequential phosphorylation studies it generates an AD-specific
epitope on t when preceded by GSK-3b (51) and phosphorylates
t in vitro (52). However, in our heat shock model PKA does not
appear to play a role in the hyperphosphorylation of t.

Like PKA, another second messenger-dependent kinase,
CaMKII, phosphorylates t in vitro (53). In the brain, CaMKII is
intricately linked to the induction of long-term potentiation (54),
a process thought to contribute to learning and memory. How-
ever, in our model it did not hyperphosphorylate t or its
substrate. Remarkably, at 0 h after heat shock CaMKII activity
toward t was abolished. This is perhaps caused by dephosphor-
ylation of Thr286 of CaMKII by protein phosphatases PP2A
andyor PP1, which differentially inactivate soluble and postsyn-
aptic density-associated CaMKII, respectively (55).

All of the phosphorylation- and the two conformation-
dependent anti-t antibodies demonstrated dephosphorylation at
0 h and subsequent hyperphosphorylation of t, except 12E8,
which showed hyperphosphorylation also at 0 h after heat shock.

Fig. 7. GSK-3b shows increased activation and hyperphosphorylates t at 0–6
h after heat shock. (A) Immunoblot of cerebral extracts from control (C) and
heat-shocked rats probed with antibodies against inactivated GSK-3b [(phos-
pho-GSK-3b (Ser9)] (arrow) and Cdk5 as a loading control (lower row). Note
the decrease in the inactivated form of GSK-3b after heat shock. (B–D) Immu-
noblot probed with the activation-independent antibody against GSK-3b (B)
and autoradiograph (C) of Coomassie blue-stained (D) SDSyPAGE gels of
aliquots of kinase assay mixtures show hyperphosphorylation of t at 0–6 h.
Note the equal amounts of GSK-3b (B) and t (D) in all lanes.

Fig. 8. Cdk5 hyperphosphorylates both histone H1 and t at 3 and 6 h after
heat shock. Autoradiographs (A and D) of Coomassie blue-stained (B and E)
and immunoblots probed with the Cdk5 antibody (C and F) of SDSyPAGE gels
of aliquots of kinase assay mixtures toward histone H1 (A and B) and t (D and
E) show hyperphosphorylation of both histone H1 and t at 3 and 6 h after heat
shock. Note equal amounts of Cdk5, histone H1, and t in all lanes. C, control.
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This is a very intriguing finding. Both protein phosphatases PP1
and PP2A bound to microtubules (56, 57), but whereas t anchors
PP1 to microtubules (56), PP2A is directly linked to the micro-
tubule-binding region of cytosolic t by ionic interactions (58).
This interaction of t with PP2A precludes PP2A from dephos-
phorylating Ser262 and Ser356, because both amino acids are
located in the first and fourth microtubule-binding repeats of t,
respectively, which also bind to PP2A and thus cannot be
dephosphorylated by PP2A. However, because the catalytic C
subunit of PP2A does not interact with t alone, it remains free
to dephosphorylate t in regions other than its microtubule-
binding domain (58). Thus activation of PP2A, perhaps by
ceramide (59) formed during heat shock (60), and suppression
of all kinases except GSK-3b (see above), which might phos-
phorylate t at Ser262, could explain the overall dephosphoryla-
tion of t but hyperphosphorylation at Ser262 andyor Ser356 at 0 h.

JNK, GSK-3b, and Cdk5 phosphorylate t at the hyperphos-
phorylated sites detected by the anti-t antibodies (17), and all
three showed increased activity after heat shock. In the literature
cited above, there is ample evidence that phosphorylation of t by
Cdk5 and GSK-3b either alone or synergistically inhibits poly-
merization of tubulin, phosphorylation by Cdk5 detaches micro-
tubule-associated t and depolymerizes tubulin (61), and all three
promote apoptosis and neuronal death. In the rat heat shock
model, abundant t-decorated microtubules are present (19).
Also, hyperphosphorylation of t markedly increases in multiply
heat-shocked rats despite the rapid dephosphorylation after
each heat shock episode (19). However, no NFT are formed. In

contrast, AD is a lifelong process, and a chronic cumulative
hyperphosphorylation of t is perhaps necessary for the forma-
tion of NFT in a susceptible host. In AD, the most important t
abnormality is its hyperphosphorylation and aggregation into
abnormal filaments. This is the reason it is visible in AD brain
either as granular, and perhaps prematurely labeled ‘‘pretangle,’’
form or as PHF (4, 5). Although in in vitro models of PHF
formation phosphorylation of t may not be necessary or suffi-
cient (62), in in vivo models the heavily phosphorylated t and not
the abnormal filaments per se correlate with neuronal degener-
ation (63). The rat heat shock model in its transient form and
lack of PHF formation is certainly not a model of AD, but it
allows us to study in just 6 h in a simple and reproducible way the
dysregulated processes of dephosphorylation– hyperphos-
phorylation of t that lead to AD and, in humans, take a lifetime
to develop. Also, the observations that Ab amyloid deposition
may be related to stress (64, 65) enhance the relevance of the
heat shock model to AD. However, we have perhaps presented
here half of the story. When the analysis also of phosphatases
and perhaps more kinases is completed, we envision the rat heat
shock model as a useful means to test the effectiveness of various
therapeutic protocols for AD.
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